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We report a study of the structural and magnetic behavior of the topmost magnetic layer
in a ferromagnet-nonmagnet (Co-Au) multilayer system. Glancing angle X-ray diffraction
measurements performed on a series of multilayers showed a gradually increasing degree of
amorphization of the topmost magnetic layer with increasing number of bilayers. Concur-
rently, the magnetic hardness and magneto-crystalline anisotropy of the top Co layer were
found to decrease, as observed by magneto-optical Kerr effect measurements. This magnetic
softening has been discussed in the light of Herzer’s random anisotropy model. Micromagnetic
simulations of the multilayer system also corroborated these observations.
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I. INTRODUCTION
Ferromagnet-nonmagnet multilayers have been exten-
sively studied in the context of giant magnetoresistance
(GMR)1, data storage2, exchange interactions3 and sev-
eral other applications4–6. Most of these effects are
known to have a significant dependence on the interface
morphology, among other parameters such as, thickness
of individual components, and composition of the multi-
layers. Fundamentally, this interface dependence comes
from variations in spin-dependent scattering of charge
carriers at the interface. Therefore, issues like inter-
diffusion and consequent compositional changes at the
interface are some of the major bottlenecks in the field.
This problem has been appreciated long back and several
attempts have been made to optimize magnetoresistance
in multilayers with immiscible components such as Co-
Cu multilayers. GMR values of 5% have been measured
at room temperature in granular Co-Cu films prepared
by electro-deposition7. People have also studied GMR in
such multilayers as a function of thickness of Co layer8,
Cu layer9, enhancement of GMR upon use of Ag additive
on Cu layer10, thermal effects in GMR11 and applications
in highly sensitive and flexible electronics12.
As such, the magnetic properties of individual mag-
netic layers in multilayer films are dependent on magneto-
crystalline anisotropy and exchange interactions, which
dominate in the regime of higher and lower grain sizes,
respectively. The crossover length for Co, which is one
of the most widely used magnetic layer in multilayer
structures, is ∼10 nm13. Typically, in thin films grown
at ambient temperatures, grain sizes are known to de-
pend on deposition rate and ambient pressure. How-
ever, the structural and morphological evolution of con-
stituent magnetic layers, with increasing number of bi-
layers, have been largely ignored. Both theoretical14–16
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and experimental17–19 studies on magnetic multilayers
implicitly assume that the magnetic and structural prop-
erties are uniform across all the constituent layers in a
multilayer system. In this report we have investigated
this aspect of magnetic-nonmagnetic system in a multi-
layer of immiscible Co and Au, deposited using e-beam
evaporation. Using glancing angle X-ray diffraction mea-
surements we have followed the structural evolution of
the top magnetic layer as a function of number of bilay-
ers, which showed a gradually increasing degree of amor-
phization (reduction in grain size). Magneto-optical Kerr
effect (MOKE) measurements showed a concurrent mag-
netic softening of the top magnetic layer as the number of
bilayers was increased. Micromagnetic simulations also
supported our observation.
II. EXPERIMENTAL DETAILS
Si substrates were cleaned in acetone and then in iso-
propyl alcohol to remove surface impurities. 1, 2, 5 and
10 bilayers of Co and Au thin films were deposited on
them using e-beam evaporation technique. A high vac-
uum chamber was used for this purpose with a base pres-
sure below 1×10−7 mbar. The thickness of each layer
was ∼5 nm, as shown by quartz crystal monitor (QCM).
The rates of deposition, 0.6 nm/min and 0.4 nm/min for
Co and Au respectively, were maintained throughout the
deposition for all the layers. X-ray reflectivity (XRR)
measurements were performed on the bilayers to assess
the roughness and to check the thickness of the individual
layers. These parameters were extracted from the exper-
imental data using Parrat’s recursive algorithm in GenX
package20. Evolving granularity of the multilayer films
as a function of number of bilayers was studied using
glancing angle X-ray diffraction method at an incident
angle of 0.5 degrees to the surface. The magnetic be-
havior of the films were examined using Magneto-optical
Kerr effect (MOKE) measurements at ambient tempera-
tures. For all MOKE measurements, longitudinal mode
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was used with DC magnetic field aligned in the plane of
the films.
III. RESULTS
The XRR data along with the simulations are shown
in Fig. 1 and the average thickness and roughness of
the layers in each sample and the errors in the parame-
ters, obtained from fitting the data, are given in Table 1.
The thickness values from the fitting are in good agree-
ment with the values measured by QCM. The roughness
of each layer is small and can be attributed to the im-
miscibility of Au and Co, which is due to positive heat
of mixing (∆Hmix = +11kJ/mol)21. In case of 5 and 10
bilayers the successive higher order Bragg peaks are not
well defined. They are broad and show splitting because
of presence of thickness error (∼ 12%) in the deposited
layers. The top Au layer further serves to protect the
underlying Co layers from oxidation.
FIG. 1. X-ray reflectivity data of 1,2,5 and 10 bilayers of
Co/Au along with the fitting curves. A schematic of the bi-
layers is shown in the inset.
TABLE I. Average thickness and roughness in nm obtained
from XRR fitting. The subscript corresponds to the no. of
bilayers.
Parameter Thickness Roughness
Au1 6.42±0.15 0.39±0.09
Co1 4.79±0.15 0.60±0.09
Au2 6.23±0.15 0.62±0.09
Co2 4.07±0.15 0.69±0.09
Au5 5.06±0.15 0.74±0.09
Co5 4.75±0.15 0.81±0.09
Au10 4.46±0.15 0.69±0.09
Co10 4.34±0.15 0.72±0.09
The immiscibility of Co and Au is also exhibited in
the XRD data (in Fig. 2) which shows no alloy phases or
compounds of Co and Au. The depth of penetration (d)
of x-rays was calculated from the relation22 d = sin θ/µ,
where the angle of incidence, θ = 0.5o and µ is the ab-
sorption coefficient of the material, which came out to
be about 6±3 nm for Au and 25±5 nm for Co. Hence,
the thicknesses of the Co and Au layers used are enough
for the X-rays to probe the structure of the top bilayer,
which is evidenced from the fact that we are able to ob-
tain peaks in the XRD data for the case of 1 bilayer of Co
and Au. One can then see that the peaks of metastable
α Co (200) fcc and Co (200) fcc phases are lower for the
case of 2 bilayers compared to the case of 1 bilayer, and
vanish completely for the sample with 5 bilayers. We
explain this on the basis of increase in degree of amor-
phisation (granularity) of the top Co layer as the number
of bilayers increase. Furthermore, even though hcp is the
most stable phase of Co, in the present study, only fcc
phase is seen because of the low rate of evaporation of
Co, as explained in our earlier work23. The peaks corre-
sponding to Au are broad in all the cases signifying that
all the layers of Au are amorphous.
FIG. 2. Glancing angle XRD patterns of 1,2 and 5 bilayers of
Co/Au showing increase in the amorphisation of the top Co
layer as the number of bilayers is increased.
The well-known Scherrer equation24 was used to com-
pute the average grain size, D of Co from the FWHM of
the XRD peaks:
D =
Kλ
β cos θ
(1)
where K is a shape dependent constant, λ is wavelength
of the X-ray source used, β is FWHM of the peak in ra-
dians and θ corresponds to the angle of incidence. Using
the values K = 0.9 and λ = 1.5406Å the average grain
sizes were calculated and are tabulated in Table 2. Since
the Co peaks are nonexistent in the XRD data for the
case of 5 bilayers, the grain sizes could not be calculated
in that case. We must note that in case of X-rays incident
at glancing angles, the application of Scherrer equation
assumes that grains are like cylindrical plates25 and the
grain sizes thus calculated are permitted to be greater
than the film thickness. In addition, we also emphasize
the fact that due to the low glancing angles we are essen-
tially probing the top Au and top Co layers only.
We now discuss the correlation of magnetic property
with the grain sizes. During the crystalline to amor-
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FIG. 3. Hysteresis loops obtained from MOKE measurements
for 1,2,5 and 10 bilayers show that the coercivity decreases
with the number of bilayers.
TABLE II. Grain sizes corresponding to the various peaks and
number of bilayers (n) from the XRD data
Type n β(deg) θ(deg) D(nm)
α Co fcc 1 0.140 25.744 62.729
2 0.183 25.883 48.273
Co fcc 1 0.133 26.889 67.021
2 0.193 26.971 46.074
phous transition of a material, the structural correla-
tion length is reduced i.e. the grain size decreases.
There exists a ferromagnetic exchange length, Lex below
which the exchange energy starts to balance the magneto-
crystalline anisotropy energy of the grains, and is given
by Lex =
√
A/K1, where A is the exchange stiffness con-
stant and K1 is the anisotropy constant which is related
to the crystal symmetry. When the average grain size D
is of the order of the exchange length Lex, it can then be
used as a measure of the extent to which the exchange en-
ergy balances the magneto-crystalline anisotropy energy.
As D goes below Lex, the directions of the magnetization
and anisotropy direction of the individual grains start to
become increasingly uncorrelated. While the magneti-
zation directions of the grains are progressively aligned
parallel to the field, the anisotropy direction can remain
randomly oriented, since the torque on them due to the
field is reduced significantly by exchange interaction with
other grains. As a result, the effective anisotropy, av-
eraged over several grains, is considerably reduced in
magnitude. Using statistics and scaling arguments the
random anisotropy model26,27 derives a relationship be-
tween the effective magneto-crystalline anisotropy con-
stant 〈K1〉 and the average grain size D . The model
assumes that an assembly of exchange coupled grains,
each of size D are embedded in an ideally soft ferromag-
netic matrix, occupying a volume fraction vr and hav-
ing their magneto-crystalline anisotropies oriented ran-
domly. Lex determines the ferromagnetic correlation vol-
ume V = L3ex which contains N number of grains over
FIG. 4. MOKE data of (a) 1 bilayer and (b) 10 bilayers at
various angles of the sample with the longitudinal axis. Inset
shows plot the coercivity HC with the longitudinal angle for
1 and 10 bilayers.
FIG. 5. Simulated hysteresis curves of the 1,2,5 and 10 bilay-
ers through micromagnetic simulations using OOMMF. Inset
shows plot of simulated HC versus experimental HC for dif-
ferent bilayers (BL).
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FIG. 6. Spin orientations of all the Co layers of the 10 bilayers sample near the saturation field through OOMMF simulations.
Color scheme for the spins orientation: blue - along the field, red - opposite to the field and white - intermediate directions.
The yellow arrows indicate the general orientation of the spins in a region.
which we take the average to arrive at the effective
anisotropy constant 〈K1〉. We note thatN = vr(Lex/D)3
and that statistical fluctuations for some finite N will
lead to the existence of a direction with minimum energy
because of which the effective anisotropy energy density
can then be determined from the mean of the fluctuation
amplitude as:
〈K〉 = vrK1√
N
= vrK1
(
D
Lex
)3/2
(2)
Scaling Lex by replacing K1 by 〈K〉, we get:
Leq =
√
A/〈K〉 (3)
Combining equations 2 and 3, we finally arrive at the
expression relating 〈K〉 and D
〈K〉 = v2rK41D6/A3 (4)
In the absence of any other forms of anisotropy, the co-
ercivity Hc which is proportional to 〈K〉 is hence shown
to vary with the 6th power of the grain size, D when it
is below the exchange length. We showed earlier using
the Scherrer equation from the XRD data that the grain
size showed a decreasing trend and for higher number of
bilayers, we expect it to be close to the ferromagnetic
exchange length13 of Co ∼ 10nm (but this cannot be
confirmed from the present data due to absence of XRD
peaks) and hence its magneto-crystalline anisotropy con-
stant reduces significantly with increase in the number of
bilayers.
In order to investigate the relation between crystal
structure and magnetic properties, we have performed
MOKE measurements on the series of samples with vary-
ing number of bilayers. In Fig. 3, we plot the normalized
magnetization of the multilayers as a function of mag-
netic field. A clear decrease in the coercive field was ob-
served with increasing number of bilayers. We emphasize
here that for the MOKE measurements, a 633 nm (red)
laser was used, which has a characteristic penetration
depth of ∼10 nm28. Therefore, the observed magnetic
softening of the Kerr loops in Fig. 3 corresponds to the
top Co layer only. This is consistent with the discus-
sion in the previous section. It is known that coupling
between electron spin and crystal field leads to a direc-
tional asymmetry (anisotropy) in magnetic properties.
As smaller grains tend to be influenced more by ex-
change interaction, anisotropy directions remain ran-
domly oriented even under applied field. This effect was
verified by angle dependent MOKE measurements, where
direction of the applied magnetic field was changed in the
plane of the multilayers. Panels (a) and (b) in Fig. 4
show the angular variation of magnetization loops for 1
bilayer and 10 bilayers, respectively. The coercive fields
extracted from these measurements are plotted in the in-
set of panel (b) in Fig. 4. We notice that there is hardly
any angular dependence in the case of 10 bilayers sample
whereas 1 bilayer sample shows a clear anisotropy. This
observation adds further support to the relevance of the
random anisotropy model in our case.
To further understand the magnetization dynamics,
micromagnetic simulations were carried out using the
OOMMF package29. The thickness of each layer was
5nm, cell size was 5 nm×5 nm×1 nm and the simulation
was carried out in a 100 nm×100 nm square geometry.
The magnetic parameters30 used for the simulations were
saturation magnetization Ms = 1400 kA/m, exchange
stiffness A = 1.12× 10−11 J/m and anisotropy constant
K1 = 2.15× 106 J/m. As justified earlier, the anisotropy
constant was progressively reduced for increasing number
of bilayers in the simulation. Fig. 5 shows the simulated
hysteresis curves for the 1, 2, 5, and 10 bilayer samples.
The coercive fields extracted from the simulations are
plotted with the experimentally observed coercive fields,
in the inset of Fig. 5. They appear to follow a linear
relation within errors. The saturation fields observed in
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Fig 5, however, show an opposite trend as a function of
the number of bilayers, when compared to the experi-
mental data shown in Fig 5. In order to understand this
apparent discrepancy, in Fig 6 we have shown the simu-
lated magnetic configuration of all magnetic layers in a
10 bilayer system at 2700 gauss, which is close its satura-
tion field, 3300 gauss. Clearly, at this field, the top and
bottom magnetic layers have achieved almost complete
saturation while the intermediate layers are far from sat-
uration. Since the hysteresis loops obtained in the sim-
ulations are averaged over all the layers, the apparent
saturation field is higher. On the other hand, since the
MOKE measurements are actually probing only the top
magnetic layer, the saturation field is much less.
IV. CONCLUSIONS
In summary, we have investigated the structural evo-
lution and the consequent changes in magnetization dy-
namics of magnetic layers in ferromagnet-nonmagnet
multilayer systems. Using glancing angle X-ray diffrac-
tion we were able to follow the structural changes of the
top magnetic layers in multilayer systems. Low penetra-
tion depth of the light source in magneto-optical mea-
surements provided the required resolution for following
the magnetization evolution of the top magnetic layer
only. Contrary to the general belief, a clear gradual
change was observed in both structural and magnetic
properties of the successive magnetic layers. An increas-
ing degree of amorpization (grain size reduction) of the
top layer with increasing number of bilayers resulted in
a significant reduction in magnetic hardness of the top
layer. The magnetic softening was discussed in the light
of random anisotropy model. This observation was also
found consistent with micromagnetic simulations.
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